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Abst rac t  
In  t e r n  of the  specular  moments of the transfer 
equat ion,  a r a d i a t i v e  tensor  is considered: 
n . .  = m E v2n-2 (zna ia .+vZsi . )~  13 n=o 
K: (2n+l) (2nf3) 
where Vz is t h e  usua l  Laplacian,  K is  a mean absorpt ion 
> e f f i c i e n t ,  B = 45 and % = 0T4 fl, the  Stefan- 
ltzmann Law. This t ensor  is  r e l a t e d  to t h e  r a d i a t i v e  
stress T R  through the  speed of l i g h t  c ,  
11 
In  terms of t h e  n. . - tensor ,  the  r a d i a t i v e  entropy pro- 
duc t ion  i s  shown $& be 
where i s  t h e  Rosseland mean of the  absorp t ion  
c o e f f i c l e n t .  
1. In t roduct ion  
The theory of gas  r a d i a t i o n  d a t e s  back t o  
Rayleigh 's  s t u d i e s  Over a century  ago On the  i l lumina-  
t i o n  and p o l a r i z a t i o n  o f  the  s u n l i t  sky. Since then 
t h e  theory has  r a p i d l y  grom because of the  e f f o r t s  of 
a s t r o p h y s i c i s t s  and later those of appl ied  s c i e n t i s t s  
and engineers .  However, the  entropy product ion 
a s s o c i a t e d  wi th  r a d i a t i o n  apparent ly  remained unt rea ted  
and i s  t h e  motivat ion of t h i s  study. 
As is  w e l l  known, the  entropy production r e s u l t s  
from d i s s i p a t i v e  processes  ( involving mass, spec ies ,  
momentum and/or h e a t  t r a n s f e r ,  e lectromagnet ic  o r  
nuc lear  t r a n s p o r t ) .  L e s s  known is  t h e  fac t  t h a t  the 
" s s i p a t i o n  may have a d i f f u s i v e  or  h y s t h e r e t i c  o r i g i n .  
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Rowever, except f o r  a few cases (such as t h e  s t r a i n  
hardening and the  magnetic s a t u r a t i o n )  t h e  major i ty  of 
d i s s i p a t i v e  processes ,  inc luding  t h e  d i s s i p a t i o n  of 
r a d i a t i o n ,  i s  of d i f f u s i v e  na ture .  A r e c e n t  s tudy  by 
Arpaci(1) shows, i n  terms of the  r a d i a t i v e  stress 
obtained from the  specular  ( k i n e t i c )  moments of t h e  
t r a n s f e r  equat ion,  t h e  d i f f u s i v e  n a t u r e  of r a d i a t i o n  
f o r  any o p t i c a l  thickness .  Accordingly, t h e  expression 
t o  be developed f o r  entropy product ion is i n  terms of 
t h i s  stress, and inc ludes  a l s o  t h e  d i s s i p a t i o n  r e s u l t -  
i n g  from conduction of  h e a t  and v iscous  f r i c t i o n .  
The s tudy  c o n s i s t s  of four  sec t ions :  fol lowing 
t h i s  in t roduct ion ,  Sec t ion  2 d e a l s  wi th  a b r i e f  review 
on the  r a d i a t i v e  stress, Sec t ion  3 develops an expres- 
s i o n  f o r  entropy product ion i n  terms of t h i s  S t r e s s ,  
and Sect ion 4 concludes t h e  s tudy.  
2.  Radiat ive Stress 
This s e c t i o n  is devoted to  a b r i e f  review on the  
r a d i a t i v e  stress. The review is i n  terms of s p e c t r a l l y  
averaged r a d i a t i o n  because of  i ts  s i m p l i c i t y .  A mono- 
chromatic review, which maybe needed for  a guanf i fa f ive  
s tudy,  i s  not  e s s e n t i a l  here  because of t h e  conceptual  
na ture  of  the intended s tudy.  
A s  pointed o a t  by Felske h Tien") t h e r e  are a 
v a r i e t y  of p r a c t i c a l  s i t u a t i o n s  i n  which s c a t t e r i n g  i s  
not  important. For these  s i t u a t i o n s ,  consider  the  
s p e c t r a l l y  averaged t r a n s f e r  equat ion,  
where I denotes  the  i n t e n s i t y ,  I its equi l ibr ium, K 
the  absorp t ion  c o e f f i c i e n t ,  9. tge d i r e c t i o n  of o p t i c a l  
pa th ,  and x. the  Car tes ian  coordmate .  The usual  def i -  
n i t i o n s  of the  r a d i a t i v e  i n t e r n a l  energy, heat f l u x  and 
stress i n  tems of the  i n t e n s i t y  are 
i .  
where t h e  J - s c a l a r  and t h e  n..-tensor are int roduced 
f o r  n o t a t i o n a l  convenience, $'is t h e  v e l o c i t y  of l i g h t ,  
and i s  the s o l i d  angle .  I n  terms of t h e s e  d e f i n i -  
t i o n s ,  the  f i r s t  t h r e e  specular  moments of t h e  t r a n s f e r  
equat ion  are 
where B = 4E 
f o r  t h e  black'boay emissive power, K and K are the  
Planck and Rosseland means of t h e  abgorpt ion coef- 
f i c i e n t ,  r e s p e c t i v e l y ,  andKM4K K )? is  the  geometric 
mean of these c o e f f i c i e n t s .  
and K R  i@? t h e  foregoing equat ions i s (2fscussed  byp 
Traugot t  , Cogley, Vincen i & Gilles , Lord & 
E = UT' being the  Stefan-Boltzmann l a w  
R 
R Thg incorpora t ion  of K 
(7) 
ArpacicS), P h i l l p s  & Arpaci(b)G6zGm(6! aci , Praffj- Arpaci  & T baczynskif92 & Baya i t o g l u  Arpaci ' (10) 
and Arpaci  & Tabaczynsni . Clear ly ,  equat ion (5) 
denotes  the  thermal balance, equat ion  (6) the  momentum 
balance a s s o c i a t e d  wi th  r a d i a t i o n ,  and equat ion ( 7 )  
g i v e s  t h e  d e f i n i t i o n  of t h e  lli.-tensor. Note t h a t  the  
r a d i a t i v e  h e a t  f l u x  given by &ation (6) ,  rearranged 
as *- 
can be i n t e r p r e t e d  as a genera l ized  d i f f u s i o n  process  
a s s o c i a t e d  wi th  t h i s  tensor .  
For t h e  eva lua t ion  of the  n . . - tensor ,  rearrange 
t h e  t r a n s f e r  equat ion i n  terms ='of K as: M 
Express t h e  grad ien t  i n  equat ion ( 9 )  by equat ion (9) 
i t s e l f  so t h a t  
Repeat t h e  process  t o  o b t a i n  
m a a  
o n = l  
M P 4  
Equation ( 7 )  y i e l d s ,  i n  terms of equat ion  ( l l ) ,  
1 - 1  a a  n.. = - ~ 6  +E - ( M ~ ~ ~ ~ . . .  ax ax 1 B , 
IJ 3 i j  n = l  2n 
P 9  M K 
where 
A procedure f o r  the  eva lua t ion  of equat ion (13) i n  t e r m s  
of the  Wallis I n t e g r a l s  i s  descr ibed i n  Unno & Spiegel  
(12). This  procedure leads  t o  
where a . = a / a x .  and a . z a / a x .  are used f o r  n o t a t i o n a l  
c o n v e n i h z .  'The sa& resalt may be found a l s o  i n  
earlier works ( s e e ,  fo r  example, Mi lne( l3) ) .  
s i m i l a r i t y  of equat ion (14) t o  the  Hookean c o n s t i t u t i o n  
f o r  elastic s o l i d s  should be noted. 
The formal 
An a l t e r n a t e  farm f o r  t h i s  stress may be given i n  
terms of the  i s o t r o p i c  r a d i a t i v e  pressure.  F i r s t ,  in-  
voking the  assumption of i s o t r o p y ,  equat ions ( 2 )  and (4) 
are r e l a t e d  as 
or, e q u i v a l e n t l y ,  as 
(16) 




1 nkk = -P 
is rhe  ( i s o t r o p i c )  pressure of radiation. Then, f r o m  
the  t r a c e  of n . .  not ing t h a t  e = 1, 11 ' k k  
(18) V Z n  B = E (-) - . 'kk n=o ..2 (2n+l) 
KM 
Now, i n  a manner s i m i l a r  to  the  i n c l u s i o n  of the  
i s o t r o p i c  pressure  to  the development of viscous stress 
from e l a s t i c  stress, (see ,  f o r  example, Arpaci & 
Larsen (14)),adding t h e  i d e n t i t y  
(19) 1 1 3 ij 3 kk i j  
- ~ s . . - - n &  = a  
t o  equat ion  (14) ,  the  II. .-tensor may be rearranged i n  
terms of the  r a d i a t i o n  &ssure, 
The o p e r a t i o n a l  s i m i l a r i t y  of equat ion (20) t o  the  
viscous (Stokesean) stress should be noted. The use of 
the  f i r s t  t e r m  of equat ion (20) i n  p l a c e  of equat ion (14) 
i s  the  well-known Eddington approximation. The next  
s e c t i o n  develops an expression f o r  the  r a d i a t i v e  entropy 
product ion i n  terms of n.. given by equat ions (14) and 
11 (20). 
3. Radiat ive Entropy Production 
A s  is well-known, the  major cont r ibu t ion  of thermal 
r a d i a t i o n  to  thermornechanics i s  the  r a d i a t i o n  h e a t  f l u x  
qiR (see,  f o r  exam le, Sparrow & cess (15) ,  Ozis ik  (16! 
Howell & Siege1 (177 ,  Vincent i  & ~ r u g e r ( 1 8 1 ,  and Sampsan 
(19). 
the thermal energy becomes, in terms of the usual 
notation, 
Accordingly, with the addition of this flux, 
(21) 
a~ R p - + p (2) = - - (9. + q. ) + T. . s .  . 
a V. D" 
Dt axi axi 1 3  1 J '  
and the halance of entropy becomes 
Now, consider the Gibbs (thermodynamic) relation 
and rearrange it in terms of the conservation of mass 
to get 
Eliminating the internal energy and the entropy among 
equations (21),(22) and (24) yields the expression for 
entropy production 
Inserting the usual conductive and viscous constitutions 
and the radiative constitution 
into this expression gives 
Explicitly, in terms of equation (14), 
+ %US. .S. .>, (28) 11 1 2  
or, in terms of equation (ZO), 
The consideration only the first term of the summation 
involved with equation (28) gives 
(30 )  1 1 1 -  1 1 aT 4u aT4 aT s - -{-[k(-)+ -(-)I(-) + 2Us. . s .  , I  T T axi 3KR axi ax. 1 3  23 
which is valid only for large optical thicknesses (the 
thick gas approximation), while the first term of the 
summation involved with equation ( 3 0 )  gives 
which i s  valid for any optical thickness (the Eddington 
approximation). This approximation overestimates the 
radiative heat flux by about 30% in the neighborhood of 
1=1/3, and needs to he coupled with 
( 3 2 )  (- az - 3 K  ')J = - 12KM2UT' axiaxi M 
(see ,  for example, Arpaci (1) 
4. Conclusions 
The radiative stress obtained from the specular 
(kinetic) moments of the transfer equation is reviewed. 
In  terms of an isotropic radiative pressure, this stress 
is given an alternate f o r m  by following a development 
similar to that of the viscous (Stokesean) stress from 
the elastic (Hookean) Stress. 
An expression for entropy production including the 
effect of radiation, as  well as that of conduction and 
(viscous) friction, is developed. The radiative contri- 
bution to this production is expressed i n  terms of the 
radiative stress. Alternate forms of the entropy pro- 
duction are stated by considering the "elastic" and 
"viscous" equivalents of the radiative stress. These 
forms include also the usual contributions of conduction 
and (viscous) friction. 
A Study on the radiative entropy production 
associated with the classical aerodynamic heating 
problem i s  under progress and will he reported later. 
The objective of the study is to show the spatial dis- 
tribution of entropy production resulting from separate 
effects of  conduction, radiation and (viscous) friction. 
The extrema (minima) of this production gives the most 
efficient (least irreversible) operating conditions. 
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